Chronic ethanol/alcohol (AL) dosing causes an elevation in homocysteine (Hcy) levels, which leads to the condition known as Hyperhomocysteinemia (HHcy). HHcy enhances oxidative stress and bloodbrain-barrier (BBB) disruption through modulation of endoplasmic reticulum (ER) stress; in part by epigenetic alternation, leading to cognitive impairment. Clinicians have recommended exercise as a therapy; however, its protective effect on cognitive functions has not been fully explored. The present study was designed to observe the protective effects of exercise (EX) against alcohol-induced epigenetic and molecular alterations leading to cerebrovascular dysfunction. Wild-type mice were subjected to AL administration (1.5 g/kg-bw) and subsequent treadmill EX for 12 weeks (5 day/week@7-11 m/ min). AL affected mouse brain through increases in oxidative and ER stress markers, SAHH and DNMTs alternation, while decreases in CBS, CSE, MTHFR, tight-junction proteins and cellular H 2 S levels. Mechanistic study revealed that AL increased epigenetic DNA hypomethylation of Herp promoter. BBB dysfunction and cognitive impairment were observed in the AL treated mice. AL mediated transcriptional changes were abolished by administration of ER stress inhibitor DTT. In conclusion, exercise restored Hcy and H 2 S to basal levels while ameliorating AL-induced ER stress, diminishing BBB dysfunction and improving cognitive function via ATF6-Herp-signaling. EX showed its protective efficacy against AL-induced neurotoxicity.
death-triggering pathways 23 . The expression of ER stress markers, such as ATF6 (activating transcription factor 6), GPR78 (glucose-regulated protein 78), PERK (Protein kinase RNA-like endoplasmic reticulum kinase), EIF2 (eukaryotic initiation factor 2), and IRE1 (Inositol-requiring enzyme 1) are altered in AD patient samples [24] [25] [26] . Enhanced ER stress further potentiates the production of reactive oxygen species (ROS) in multiple pathways 27 . An optimum level of ROS is essential for signaling and normal cell functioning. Excessive ROS is generated during alcohol metabolism or Hcy auto-oxidation, thus causing the disruption of redox homeostasis and affecting the redox signaling pathways 28 . Moreover, Hcy has been found to induce neurological dysfunction via oxidative stress through increased production of amyloid-β peptide 29 . However, administration of antioxidants like N-acetyl cysteine, vitamin C or E could prevent Hcy mediated cytotoxicity 29 . It is also reported that antioxidants (vitamin E or C) may have a preventive role during memory dysfunction caused by HHcy in rats 30 .
Generation of gaseous transmitters by mammalian tissue system has attracted much attention in past few years. The accumulating evidence suggests that, despite its past concept as a noxious gas, H 2 S (hydrogen sulfide) is rapidly emerging as a third gaseous transmitter, in addition to nitric oxide (NO) and carbon monoxide (CO) 31 that regulates blood pressure and vasomotor activity, controls inflammation, and angiogenesis 32 . H 2 S was found to be produced endogenously in various parts of the body such as the heart, blood, and central nervous system by two pyridoxal-5′ -phosphate-dependent enzymes responsible for metabolism of l-cysteine which is a by-product of l-methionine, Hcy, and cystathione 33 . Two major sources for endogenous enzymatic production of H 2 S are cystathionine β synthase (CBS) and cystathionine γ lyase (CSE) 34 . Other reported that along with CBS and CSE, a newly identified enzyme, 3-mercaptopyruvate sulfur transferase (3MST) is also involved in generation of endogenous H 2 S 35 . CBS is the major H 2 S producing enzyme in the brain 36 . H 2 S can easily penetrate the plasma membrane thus inducing wide spectrum of signaling cascades in the target cells. Some studies in cellular and animal models have suggested several mechanisms to explain the protection associated with H 2 S, including promoting anti-inflammatory 37 , anti-apoptotic 38 , vasodilation and neuroprotection 39 . In addition, H 2 S and NO effects signaling pathways have been described to offer protection against Alzheimer's amyloid vasculopathy and neurodegeneration 40 . There are reports of H 2 S induced endothelial proliferation and migration and enhanced VEGF (vascular endothelial growth factor) gene expression 41 . H 2 S also increases the production of intracellular GSH (glutathione), a major intracellular antioxidant and thus alleviating ER stress and promoting neuronal protection and improving brain function 42, 43 .
Physical exercise has been accepted as a major strategy to improve public health. There is convincing evidence showing that regular exercise is associated with less mortality and greater recovery rates in various diseases [44] [45] [46] [47] [48] . Athletes with the highest training volume, exhibiting highest plasma folate levels, showed a decrease in Hcy levels followed by the training period 49, 50 . Mechanistic research suggests that alcohol consumption and lack of exercise may be associated with chronic diseases. The recent work suggested that exercise may offset the increased risk for death associated with large amounts of alcoholconsumption 48 ; although a detailed mechanism behind this observation is not available. In our current study, we showed that the alcohol induced oxidative stress mediated ER stress in the context of alcohol neurotoxicity and BBB (blood brain barrier) cognitive impairment and the beneficial role of exercise to rescue these phenotypes through endogenous H 2 S production.
Results

Effect of exercise on memory impairment during alcoholism in mice. The Novel Object
Recognition Test (NORT), Passive Avoidance Task (PAT) and Y-maze test were performed to test memory function in mice. We tested experimental mice in performing a novel object recognition task that relies on the mouse's natural exploratory behavior. Figure 1a displays the schematic representation of the experimental protocol, in which mice were habituated to the open-field apparatus for 3 consecutive days. The mice were then allowed to explore two identical objects. On the 3 rd day, one hour after the last exploration, mice were presented with a familiar and a new object. Mice in the alcohol (AL) treated group exhibited significantly impaired novel object recognition performance in the simple task relative to control (CT) mice in exploring the novel object. The discrimination indexes (DI), preference indexes (PI) and recognition indexes (RI) in AL treated mice were significantly reduced in comparison to the CT group ( Fig. 1b-d ). AL treated mice with regular exercise practice (AL+EX) exhibited improvement in preference between novel and familiar object recognition when compared to only AL treated mice. Similarly, we analyzed long term memory using the PAT, and our results showed that the AL induced long term memory dysfunction was improved by exercise in the AL+EX mice group (Fig. 1e ). The Y-maze test results showed that there was improved memory and behavioral improvisation in the AL+EX group compared to the AL group ( Fig. 1f,g) . Similarly, the DI and percentage of alternation data derived from the Y-maze experiment showed that active exercise in AL treated mice improved their memory function when compared to the AL group without exercise ( Fig. 1f ,g).
Effect of exercise on mean arterial blood pressure and cerebral blood flow. Cerebral Blood Flow
(CBF) is necessary for conservation of brain function. In the current study, we measured alcohol-mediated cerebral blood flow. The results showed that AL treatment significantly decreased blood flow in the cerebral cortex as compared to control (CT) mice ( Fig. 2a,b ). Whereas, mean arterial blood pressure data displayed a significant increase in AL treated mice as compared to the CT group. Interestingly, the given treatment of exercise significantly alleviated blood flow as well as returned blood pressure to basal levels in AL+EX grouped mice ( Fig. 2c ), suggesting that exercise improves blood pressure and cerebral flow in experimental mice treated with alcohol.
Scientific REPORTS | (2018) 8:5158 | DOI:10.1038/s41598-018-23568-z estimation of CBS enzyme activity data indicated that CBS enzyme activity was predominantly decreased in the alcoholic group with respect to the control group, while exercise treatment increased CBS activity in the AL+EX group as compared to AL treated mice ( Fig. 3a) . To evaluate the effect of exercise on the HHcy condition induced by alcohol, we analyzed the total plasma Hcy (tHcy) levels. The results suggested that the tHcy level was significantly increased in the alcoholic group with respect to the control group, but exercise restored the tHcy to the control level in the AL+EX group (Fig. 3b ). Moreover, our western blot analysis of CBS, CSE, and Hcy in all experimental mice groups showed similar findings in agreement with biochemical estimations performed ( Fig. 3c-f ). Additionally, the q-PCR analysis of CBS and CSE mRNA expression confirmed our biochemical and protein data ( Fig. 3g ). Protein levels and mRNA expression of MTHFR were significantly reduced in the alcoholic group with respect to control; and they were reversed to normal levels in the in AL+EX group (Fig. 3e ,f,h). Also, we observed significant up-regulation in protein and mRNA expression of SAHH in the alcoholic group compared to the control group. Interestingly, exercised treatment to the alcoholic group restored the expression of SAHH ( Fig. 3e ,f,h). Collectively, these results suggest that alcohol mediated altered expression of enzymes involved in the Hcy metabolism and exercise restored the altered levels of CBS, CSE, MTHFR and SAHH. These results suggest a protective role of exercise during alcoholism.
Beneficial effect of exercise towards alcohol induced oxidative and ER stress.
To evaluate the effect of alcohol on oxidative stress and the role of exercise in its mitigation, we performed western blot and biochemical analysis of different markers of oxidative stress in all experimental mice groups ( Fig. 4a-e ). Our data indicated that levels of NADPH oxidase 4 (NOX4) and malondialdehyde (MDA) were significantly upregulated in AL treated mice when compared to CT mice. On the other hand, the levels of catalase (CAT), glutathione peroxidase (GPx) and production of endogenous H 2 S were significantly reduced in the AL group compared to the CT group. These data indicated that there was an imbalance between oxidant and anti-oxidant status in the AL treated group, indicating a presence of robust oxidative stress levels. Exercise treatment proved to ameliorate oxidative stress in the AL+EX group. To determine whether the increase in oxidative stress affected ER stress, protein expression analysis of GRP78 and ATF6 (hallmark proteins of ER stress) was performed. Interestingly, we observed that GRP78 and ATF6 expression levels were markedly increased in the AL treated group with respect to control. A reverse effect was observed in the exercise group. ER stress also caused calcium depletion. Therefore, we observed cellular calcium (Ca +2 ) levels in brain tissue extract. The results showed that alcohol increased the Ca +2 depletion and exercise reversed this alcohol mediated effect. These results demonstrate that hyperhomocysteinemia triggered not only oxidative stress but also triggered ER stress with respect to the reduction in Ca +2 levels.
Protective role of exercise on alcohol induced epigenetic remodeling. To understand the effect of exercise on epigenetic changes, we measured the protein levels of DNA methyltransferase 1 (DNMT1) and DNA methyltransferase3 alpha (DNMT3a) by western blotting in the brain tissue extracts of experimental mice groups. The results revealed that, DNMT1 and DNMT3a protein levels were significantly decreased under alcoholism when compared to the control group. However, regular practice of exercise was able to reverse the alcohol mediated decreased DNMT expression ( Fig. 5a,b ). Moreover, biochemical estimation of DNMT activity in experimental mice confirmed our protein data ( Fig. 5c ).
ATF6 transcriptionally activates cellular Herp during the alcohol dependent ER stress response and exercise mitigates this activation.
To determine transcriptional regulation of homocysteine-induced endoplasmic reticulum protein (Herp) by direct binding of ATF6; we performed a ChIP (chromatin immunoprecipitation) assay to examine the ER activated ATF6 binding to endogenous Herp promoter in vivo ( Fig. 5d-f ). After crosslinking and immunoprecipitation with ATF6 antibody, PCR was performed to identify the presence of Herp DNA promoter using primers flanking the CpG islands in the Herp promoter sites. Our results demonstrate that ATF6 antibody readily precipitated chromatin containing the Herp promoter in the AL group with respect to CT. However, its effects are minimized under exercise. These results indicate that ATF6 binds to the Herp promoter and governs gene expression, specifically in, in vivo conditions under alcoholism. Since Herp is believed to be regulated under transcriptional regulation of ATF6 during ER stress 51 , we further performed western blot analysis to study Herp expression. The results indicate that alcohol strongly induces Herp expression and exercise lowered its expression down to control levels ( Fig. 5g,h ).
Exercise improved the alcohol induced vascular permeability and blood brain barrier dysfunction in mice.
To determine whether exercised mitigated the blood-brain barrier (BBB) permeability in alcoholic mice, we observed the alternation in the tight junction proteins (ZO-1[zonula occludens-1] and Claudin-5) as well as cerebrovascular permeability in the experiential mice brains. Our results showed that alcohol caused a significant decrease in the protein contents of ZO-1, and Claudin-5 ( Fig. 6a,b ). This decrease was prevented by regular exercise in the AL+EX group. Intracarotid FITC-BSA (fluorescein isothiocyanate conjugate protein bovine) infusion exemplified the increased macromolecular pial venular permeability in the AL group as compared to CT, but this permeability was normal in the AL+EX group ( Fig. 6c,d ). We evaluated cerebral vascular density through Barium Sulfate Angiography, and we found that there was a significant decrease in cerebral vascular density in the alcoholic group as compared to the control group as other evidence of increased permeability. However, there was a restoration of vascular patency in the AL+EX group (Fig. 6e,f) . 
Inhibition of ER stress attenuates the alcohol induced vascular permeability in mouse brain endothelial cells (bEnd.3 cells).
To investigate the effects of ER stress on vascular permeability, we performed FITC-BSA based vascular permeability assay in in vitro condition (Fig. 6g ). The bEnd.3 cells were plated in Transwell filters, grown for 2 days and were stimulated with alcohol. As cellular antioxidant H 2 S was elevated during exercise; we treated the cells with H 2 S in vitro, to study the alcohol mediated decline in vascular permeability. The results showed that the fluorescence intensity of FITC-BSA, leaked into the lower chambers of alcohol treated bEnd.3 cells in Trans-wells, which was significantly greater, compared to control (Fig. 6h ). The treatment with H 2 S (anti-oxidant) ameliorated alcohol induced vascular leakage, as evident from our cell monolayer (Fig. 6h ). The increase in vascular permeability in the alcohol treated cells was substantially reduced by administration of ER stress inhibitor (dithiothreitol: DTT) ( Fig. 6h ). Furthermore, to assess the effects of DTT on tight junction proteins, we measured the levels of ZO-2, Claudin-5 and VE-Cadherin expression in each experimental bEnd.3 cells groups. Western blot analysis showed that the levels of ZO-2 (zonula occludens-2), Claudin-5 and VE-Cadherin (vascular endothelial cadherin) in cytoplasmic protein extracts from bEnd.3 cells were significantly decreased after 24 hours of alcohol treatment as compared with control ( Fig. 6i,j) . Treatment with either H 2 S or DTT in alcohol treated cells recovered the loss of these tight junction proteins and the expression of all three proteins returned to the control levels ( Fig. 6J ).
Therapeutic potential of exercise on alcohol induced neuronal damage recovery. To determine the impact of alcohol on the expression of neuronal markers (nNOS [neuronal nitric oxide synthase] and NSE [neuron-specific enolase]), we performed western blot analysis of these proteins in brain tissues of the different experimental mice groups. The results revealed an increased expression of nNOS, reduced expression of NSE in the alcohol treated group compared to the control group, and regular exercise alleviated these effects ( Fig. 7a,b ). Cresyl violet staining demonstrated a significant loss of cellular constituency as indicated by a decrease in cell size and cell number in the alcohol treated group compared with the control group. However, regular exercise mitigated the alcohol-mediated loss of cellular constituency (Fig. 7c,d) . We also performed Flouro-Jade C (FJC) staining to access the neuronal damage and the highest degenerating neurons were observed in the alcohol treated group compared to the control group (Fig. 7e,f) . Regular exercise displayed a recovering effect of the neuronal damage. All the above tests confirmed the therapeutic potential of exercise in the recovery of alcohol induced neuronal damage.
Discussion
Lifestyle patterns such as heavy alcohol consumption and no physical activity are associated with an increased risk of cognitive impairment. The aim of the current study was to characterize the effect of exercise on alcohol-induced neurodegeneration. We demonstrated that ER stress is implicated in the pathogenesis of AL induced BBB dysfunction and cognitive impairment. Exercise-mediated H 2 S restoration; providing novel therapeutics approach for the alcohol-mediated cerebrovascular dysfunction. Accumulating evidence suggested that ER stress is associated with the pathogenesis of several popular neurological diseases such as Huntington's disease, stroke, Alzheimer's disease and Parkinson's disease [52] [53] [54] [55] [56] . An involvement of ER stress in alcohol-induced neuron toxicity has been hypothesized. Consistent with these observations, our results showed that cognitive impairment (both short term and long term memory) was significantly decreased in alcohol-treated mice. Moreover, behavioral pattern (spontaneous alternation) of mice was significantly altered in AL group as compared to CT (Fig. 1) . But there was no significant difference in the pain sensation between experimental groups vs. controls. Furthermore, exercise markedly reduced the alcohol-induced cognitive dysfunction in AL+EX group compared to CT. These findings suggest that exercise is one of the crucial factors that attenuate alcohol-mediated pathological conditions or cognitive impairments. Other studies reported that maternal ethanol exposure in mice resulted in persistent alternations or decrease in cerebral blood flow 57 . Moreover, decreased cerebral blood flow is associated with cognitive impairment and Alzheimer's disease as well as other types of dementia 58, 59 . Previous reports also suggested the relationship between cerebral blood flow and brain function by showing that an increase in cerebral blood flow is beneficial for cognitive function 60, 61 . Concurrent with the above study; we observed a significant decrease in cerebral blood flow and impaired memory function in AL mice brain. Regular practice of exercise significantly improved cerebral blood flow and memory functions in our study (Fig. 2) .
HHcy is one of the risk factors for cerebrovascular complications 17, 21 . Other investigations have shown that alcohol consumption is closely associated with elevated Hcy levels 62 . Elevated plasma Hcy is associated with an increased risk of vascular disease and vascular dementia (Lehmann et al.) 14 . Studies on human subjects reported an increase in blood Hcy levels in patients with Alzheimer's disease and mild cognitive impairment [15] [16] [17] . We also found that exercise significantly reduced the total plasma Hcy in the AL group as compared to CT group (Fig. 3) . Increased plasma concentration of Hcy is considered as a risk factor for vascular disease, brain atrophy and a decline in memory scores 20, 63 . Several follow up studies demonstrated a positive association between the level of Hcy and cognitive functions 17 . We found that the alcohol treatment induced the alteration in the expression of enzymes involved in Hcy-metabolism such as CBS, CSE, MTHFR, and SAHH (Fig. 3) . In particular, Hcy levels are increased in the body when metabolism of cysteine or methionine is impaired. So our results clearly showed that alcohol interfered with the methionine metabolism directly or indirectly and altered the methionine metabolizing enzymes that led to HHcy. However, the regular practice of exercise ameliorated these changes. Overall, our data suggest that an increased level may play a significant role in the altered expression of methionine metabolizing enzymes and the protective role of exercise in this matter.
Exercise-mediated increased expression of CBS, CSE enzymes were observed in the EX group that are involved in the generation of endogenous hydrogen sulfide (H 2 S). Co-current this observation we found increased levels of H2S in AL+EX group as compared to AL group (Fig. 4 ). H 2 S can easily penetrate the plasma membrane thus inducing a wide spectrum of signaling cascades in the target cells. Endogenous H 2 S acts as a potent regulator of various biological processes especially related to vasomotor function, anti-oxidant and anti-inflammatory responses. Redox stress has been proposed to be a major contributor to alcohol-induced neurotoxicity 64 . Other study showed that six weeks of ethanol consumption caused the elevation of oxidative stress in rats 65 . The results of the current study showed that alcohol consumption significantly increased the NOX-4 protein, MDA and lipid peroxidation (oxidant) products. In contrast decreased the catalase protein as well as glutathione peroxidase (GPx) antioxidant activity. The imbalance in oxidant vs antioxidant levels observed in this study is consistent with our recent similar findings in hippocampus and aorta tissue of ethanol-exposed rats and rules out its involvement in raising the ROS level 66 . Our results vividly demonstrated that exercise boosts the antioxidant system (both H 2 S level and GPx activity) that helped alleviate the alcohol-mediated oxidative stress.
Alcohol-induced endoplasmic reticulum (ER) stress, which can be caused by acetaldehyde, adducts production, oxidative stress, and disturbed intracellular calcium homeostasis, also participates in alcohol-induced neurotoxicity 64 . ER stress has been suggested to be the cause of a wide range of cellular dysfunction involving accumulation of unfolded or misfolded proteins in the ER under alcohol exposure in both in-vitro and in-vivo [53] [54] [55] 67 . The accumulation of unfolded or misfolded proteins in the ER lumen induces unfolded protein response (UPR) that triggers ER stress, which is mediated by transmembrane ER signaling proteins. Consistent with these observations, we observed ER stress-mediated increased expression of GRP 78 and ATF6 protein and excess release of Ca +2 in the alcohol-treated mice and exercise-mediated normalized expression in the AL+EX mice group (Fig. 4) . The present study also indicated that, the ER stress response protein ATF6 become upregulated and upon entering into the nucleus binds to the CpG islands of Herp promoter leading to Herp upregulation (Fig. 5) . Moreover, we have analyzed the effect of alcohol on DNMT1 and DNMT3, as studies suggested potential role of these molecules on neural development under alcoholism and stress 68 . Other study showed that alcohol exposure upregulate DNMT3a protein levels in neural precursor and primary mouse embryonic cell lines and this upregulation may be linked with generation of ROS 69 . Contrary to the previous report on cell line study; our estimation of FIU in different experimental conditions after FITC-BSA treatment in Transwell chambers (h). (i,j) Representative western blot analysis showing the levels of junctional proteins (VE-Cadherin, Claudin-5 and ZO-2) in different experimental conditions of mouse brain endothelial cells (i). Histograms showing the quantitative estimation of ZO-2, Claudin-5 and VE-Cadherin proteins after normalization with GAPDH (j). All the data are represented as mean values ± standard error (SE) in 5 independent experiments. * ,# p < 0.05 considered significant.*p < 0.05 vs. CT and # p < 0.05 vs. AL group. Uncropped blots for Fig. 6a ,i are presented in Supplementary Fig. 6 animal experiments revealed that, DNMT1 and DNMT3a protein levels were significantly decreased in brain tissue of mice under alcoholism and exercise restored their levels back to normal (Fig. 5) .
Several tight junction proteins (TJPs), such as Claudins and ZOs help to maintain the structure/integrity of blood brain barrier. Previous studies have indicated that alterations in ZO-1 and Claudin-1 are associated with increased intestinal permeability and a higher susceptibility to alcoholic liver disease 70 . Similarly, our study shows that alcohol exposure resulted in down-regulation and/or redistribution of ZO-1 and Claudin-5 proteins suggesting that these TJPs are critical in alcohol-induced blood brain barrier dysfunction (Fig. 6 ). Next, we confirmed blood brain barrier integrity by correlating the expression of TJPs directly with brain vessel permeability in mice. The intravital fluorescence microscopy analysis revealed increased brain pial venular permeability in AL group as compared to CT (Fig. 6 ). In addition, we have also measured diminished vessel density in alcoholic group brain suggesting that vascular density is decreased in alcoholic group vs control. To strengthen our hypothesis, we administered Dithiothreitol (DTT), a potent ER stress inhibitorin-vitro to conclusively show the role of ER stress in regulation of the BBB permeability We observed that DTT reduced vascular permeability in brain endothelial cells in-vitro (Fig. 6 ). Collectively, our data suggested that inhibition of ER stress could potentially reduce cerebrovascular permeability and tight junction proteins alternations. Additionally, therapeutic potential of regular practice of exercise in the recovery of alcohol induced neuronal damage has also been shown in our current study (Fig. 7) .
Summary of theresearch finding is presented in Fig. 8 . Our study clearly indicates that alcohol can exert its effect on the brain and subsequent alteration in homocysteine metabolizing enzymes leading to hyperhomocysteinemia (HHcy). HHcy mediated disturbed redox homeostasis subsequently elevated ER stress and global methylation by altering the DNMT activities. ER stress response protein ATF6 become upregulated and upon entering the nucleus binds to CpG islands of Herp promoter leading to Herp upregulation. This alteration may induce blood-brain barrier dysfunction through down-regulation of TJPs presumably leading to neuronal damage and cognitive impairments ( Fig. 8 ). Thus, our results showed that pathogenesis of alcohol-induced cerebrovascular dysfunction and memory impairment are associated with ER stress. Exercise-mediated enhanced biosynthesis of the H 2 S and GPx thus activates the cellular antioxidant system and subsequently alleviate these effects. Therefore, exercise intervention could serve as a powerful preventive and therapeutic approach that can havea tremendous improvements physiological function. Moreover, regular practice of exercise may also be responsible for the interruption of the ER stress and again is anticipated to have therapeutic potential for the better management of alcohol-related diseases or disorders.
Methods
Antibodies. Antibodies like CBS, CSE, MTHFR, Hcy, CAT, NOX4, GRP78, ATF6, DNMT1, DNMT3a and Herp were all obtained from Abcam (Cambridge, MA USA). Other antibodies viz. VE-Cadherin, nNOS, NSE, GAPDH were from Boster Biological Technology (Pleasanton, CA, USA). Antibodies like Zonula occludens-1 (ZO-1) , SAHH, Claudin-5 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Animal model. Wild-type male mice (strain: C57BL/6 J; age: 8-10 weeks; weight: 29-32 gms.) were obtained from Jackson Laboratory (Bar Harbor, ME) and kept in a suitable environmental condition (12:12-h light-dark cycle, 22-24 °C) at the animal care facility of our University of Louisville School of Medicine. All mice were given ad libitum access to standard chow and water. All animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Louisville School of Medicine. Moreover, methods and general guidelines for animal use were followed according to the Animal Care and Use Program Guidelines of the National Institutes of Health.
Exercise protocol. Selected groups of experimental mice were exercised using a small animal treadmill (#1050 RM-E57) from Columbus Instruments International, with zero inclination 71 . The initial adaptation was introduced at a slow speed of 7 m/min for 5 days. Later, the mice were monitored to cover a daily distance of 330 m with a speed of 10 m/min for the first two weeks and then a speed of 11 m/min for the remaining period of 3 weeks, 5 days/week for a total of 12 weeks. After every 110 m for the entire exercise period and at each incremental speed, the mice were given rest for 10 minutes. Active monitoring was conducted to ensure mice movement and safety. Assessment of behavior and memory: NORT, PAT and Y-maze tests. To assess memory related behaviors, the novel object recognition test (NORT), Passive Avoidance Task (PAT) and Y-maze (spontaneous alternation and two-trial recognition) tests were performed according to our previously published literature and other investigators [72] [73] [74] [75] [76] . In our study, the NORT was used to test short-term memory, the PAT evaluated long-term memory and the Y-maze test assessed spatial working short-term memory in all experimental mice.
Cortical blood flow and blood pressure measurement. Under intraperitoneal tribromoethanol (TBE Lipid peroxide product malondialdehyde (MDA) in the brain was estimated according to the previously described protocol and was expressed as µmol/mg of protein 78 . The activity of glutathione peroxidase (GPx) was evaluated by colorimetric assay using the guidelines for a commercial kit from Abcam (GPx Activity Kit; ab102530). The activity of glutathione peroxidase was expressed as U/mg of protein according to the manufacturer's instructions. Production of hydrogen sulfide (H 2 S) from brain tissue homogenate was measured following the protocol by Qu et al., 2006 and the data were expressed as nmol/mg of protein 79 . Details of the experimental protocols can be available in our previously published article 72 . Cystathionine β-synthase (CBS) activity assay was performed in the brain homogenate according to the prior published literature 80 . CBS activity data were expressed as nmol/min/mg protein. DNA Methyltransferase (DNMT) activity was ascertained according to our previously published protocol 81 , in which nuclear protein fractions were isolated from the mouse brain using EpiQuik ™ nuclear extraction kit (Epigentek, Farmingdale, NY, USA). DNMT activity was assessed through an EPiQuik ™ DNMT activity/inhibitor assay ultra kit (Epigentek, Farmingdale, NY, USA) according to the manufacturer's instruction. DNMT activity data were expressed as OD/h/mg of protein. Measurement of Ca 2+ was done by the use of commercially available Calcium Assay Kit (MAK022-1KT) purchased from Sigma. The levels of Ca 2+ were expressed as mM/L according to manufacturer's protocol.
Collection and preparation of brain protein. Preparation of brain tissue samples was followed by our previously published standard protocol 82 . In brief, brain samples were weighed and homogenized in 1× RIPA buffer (Tris-HCl 50 mM, pH 7.4; NP-40, 1%; 0.25% Na-deoxycholate, 150 mM NaCl; 1 mM EDTA; 1 mM PMSF; 1 μg/ml each of aprotinin, leupeptin, pepstatin; 1 mM Na3VO4; 1 mM NaF) containing 1 mM PMSF and 1 μg of complete protease inhibitor (Sigma). After two cycles of centrifugation, supernatant protein levels for all samples were quantified by the Bradford method (Bio-Rad, CA) and stored at −80 °C for further use.
Western blot analysis. Western blot analysis for the homocysteine metabolized enzymes (CBS, CSE, MTHFR, SAHH and Hcy), markers of oxidative stress (CAT, NOX4), hallmarks of ER stress (GRP78, ATF6), markers of DNA methylation (DNMT1, DNMT3a), homocysteine-induced endoplasmic reticulum protein (Herp) and tight junction proteins (ZO1, Claudin-5) were performed by following the standard procedure previously published 82 . The relative optical density of protein bands was analyzed using gel software Image Lab 3.0. The membranes were stripped and re-probed with GAPDH as a loading control.
RNA isolation and real-time PCR.
Total RNA was isolated from the mouse brain using Invitrogen Chip assay. The chromatin Immunoprecipitation (ChIP) assay was performed as per previously published protocol 83 . Briefly, after cross-linking in 4% formaldehyde, the brain tissues were lysed. The supernatant was precleared with protein A beads. Equal amounts of samples were used in the immunoprecipitation. A 5-7% aliquot of the precleared chromatin was taken as input, and the remaining samples were immunoprecipitated with the anti-ATF6 monoclonal antibody (Abcam, Cambridge, MA USA).The precipitated samples were used in a PCR to produce a 179-bp Herp product with the primers: Forward: 5′-CAGACGCGGCGGGTTGCA-3′ and Reverse: 5′-GCTTCGGGCGCCTTTTATAGA-3′ for the endogenous Herp promoter and input DNA used as control ChIP assays. The gel electrophoresis images were acquired on a ChemiDoc ™ XRS+System with Image Lab ™ Software after ethidium bromide staining.
Microvascular leakage observation by intravital microscopy. Blood flow in brain microvasculature
was measured in anesthetized mice as described earlier 84 . Briefly, pial brain microcirculation was prepared for observation according to the method of Muradashvili et al. 85 . A mixture of 100 μl of FITC (300 μg/ml) and 20 μl of BSA-488 (3.3 mg/ml) in PBS was injected through the carotid artery cannulation and allowed to circulate for up to 10 min. In vivo imaging with a BX61WI fluorescent microscope (Olympus, Tokyo, Japan) was used to examine the exposed area of the skull. Data were interpreted with the software provided with the instrument and Image-Pro Plus 6.3 software (Media Cybernetics, Bethesda, MD).
Barium sulfate angiography. Barium sulfate angiography was performed in mice as described in our previously published procedure 82 . Barium sulfate (0.1 g/mL) was dissolved in 50 mM Tris-buffer (pH 5.0) and infused slowly at a constant flow and pressure with a syringe pump through the carotid artery 86, 87 . The brain was dissected out and placed in the X-ray chamber Kodak 4000 MM image station and angiograms were captured with the high penetrative phosphorous screen by 31 KVP X-ray exposures for 3 minutes. Brain vessel density was quantified using Vessel Segmentation and Analysis (VesSeg) software tool (http://www.isip.uni-luebeck.de/index. php?id=150) according to the procedure of Pushpakumar et al. 88 .
In vitro endothelial cell (bEnd.3) permeability assays. The vascular permeability was measured according to the protocol described in previous literature in detail (Nooteboom et al.) 89 . To study endothelial permeability in vitro, the bEnd.3 cells were seeded on the Transwell filters containing a tracer solution with FITC-BSA (200 µg/ml) and subjected to respective treatments in different experimental groups (CT, AL, H 2 S, AL+H 2 S, DTT and AL+DTT). Following treatments, the culture medium was replaced by 0·5 ml of the tracer solution at the upper side of the monolayer. After 2 h of incubation, 100 µl of each sample was drawn from the lower compartment and transferred to 96-well microtiter plates. For the detection of FITC-BSA, microtiter plates were read on Max3000 plate reader (Molecular Devices) at 750 nm. Data were expressed as fluorescence intensity unit (FIU) in each group.
Preparation of brain sections for microscopy. Brains from different mice groups were carefully removed, stored in 4% paraformaldehyde (PFA) overnight, transferred to a 30% sucrose solution for 3-5days then mounted in a protective (OCT) matrix (Polyscience, Inc., Warrington, PA, USA). The brains were then cryo-sectioned using a Leica CM 1850 cryostat (Bannockburn, IL, USA) into 20-25 μm thick slices 90 and stored at −80 °C until further analysis for cresyl violet and FJC staining.
Cresyl violet staining. Cresyl violet staining was done as per standard protocol 81 . In brief, brain sections (15 μm) were stained with cresyl violet dye for 5 min, air-dried for 1 h and dipped in n-butanol for 2 min, acetone and xylene for 10 min each, and mounted in DPX. The images were acquired using a fluorescent microscope at ×20 magnification. The cellular morphology was checked in the brain sections and the numbers of cresyl violet positive cells were counted.
Fluoro-Jade C staining. Fluoro-Jade C (FJC) labeling in the brain sections was performed using a standard protocol 82 . Briefly, 25 μM cryo-sectioned brain tissues were deparaffinized by two 5-min washes in xylene, rehydrated through a graduated alcohol series (100, 90, 70, 50, 30%) each for 5 min and finally washed for 2 min in distilled water. The sections were then transferred to 0.06% potassium permanganate solution for 10 min and rinsed in distilled water for 2 min. Thereafter, the sections were incubated for 20 min in a 0.0001% solution of FJC (Sigma Aldrich). FJC was made immediately before use by diluting a stock solution of 0.01% FJC by 100-fold in 0.1% acetic acid. The sections were eventually dried at 37 °C and mounted with DPX. The fluorescent signal was visualized using a fluorescence microscope with an excitation wavelength of 488 nm.
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and GraphPad Prism, version 6.07 (GraphPad Software, Inc., La Jolla, CA). Data are represented as mean values ± standard error (SE) in five independent experiments in all cases. The experimental groups were compared by one-way analysis of variance (ANOVA) assuming that the values were sampled from Gaussian distributions. For a set of data, if ANOVA indicated a significant difference (p < 0.05); Tukey-Kramer multiple comparison tests were used to compare group means. Post-test was only performed if p < 0.05. If the value of Tukey-Kramer 'q' is less than 4.046, then the p-value is less than 0.05 and considered statistically significant.
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